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Abstract

An amorphous, 150 mm thick freestanding sheet of a TiAl-based alloy was produced by physical vapor deposition (PVD). The

following phase transformations were observed after different stages of crystallization of the amorphous sheet and analyzed using

differential thermal analysis, X-ray diffraction, and transmission electron microscopy: amorphous0/body centered cubic (b)0/

hexagonal close-packed (a)?0/tetragonal (g)�/ordered a2. The b phase was formed as near-spherical particles that were evenly

distributed in the amorphous phase and the size of these particles was approximately 90 nm. Formation of the a phase by

decomposition of b and the remaining amorphous phases led to a very fine feathery-like microstructure arranged in colonies of

approximately 100 nm in size. Interface boundaries between the a phase particles were poorly defined. The transformation of the

metastable a phase into a mixture of the g and a2 phases led to formation of an equiaxed g-grain structure with the grain size of

approximately 150 nm.
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1. Introduction

Titanium aluminides are currently considered as

promising materials for airspace applications because

of their low density, reasonable oxidation resistance and

high strength at temperatures up to 800 8C [1]. Re-

cently, a significant interest has developed to use these

materials in sheet or thin film forms for applications

that additionally require low thermal conductivity such

as thermal protection systems and structural coatings.

However, these materials generally have limited ductility

at temperatures below 700 8C. The brittle-to-ductile

transition temperature can be decreased and ductility of

TiAl alloys can be significantly improved by grain

refinement to submicron-size levels [2�/4]. Non-equili-

brium processes such as rapid solidification, mechanical

alloying, and PVD can be effectively used to produce

fine-grain structures. Moreover, it has recently been

established that TiAl-based alloys can become amor-

phous when produced by these non-equilibrium techni-

ques [5�/11]. The amorphous phase can then be used as a

precursor to form a nanocrystalline structure by simul-

taneous compaction and crystallization through careful

control of the time and temperature conditions [7].

Crystallization of the amorphous phase may also lead to

formation of metastable phases with novel properties

[8�/11]. Of course, knowledge of the crystallization

kinetics of the amorphous phase and microstructural

evolution of crystallized phases is required to properly

control the final microstructure and properties.

In the present work, the evolution of the microstruc-

ture and phase transformations after different stages of

crystallization of a TiAl amorphous sheet were studied

using differential thermal analysis (DTA), X-ray diffrac-

tion (XRD) and transmission electron microscopy

(TEM). Similarities in the phase progression during

crystallization from melt and from amorphous state

were found. Formation of metastable body centered
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cubic (BCC) and hexagonal phases was observed and

discussed.

2. Experimental procedures

A 150 mm thick freestanding film of a g-TiAl alloy was

deposited using a magnetron sputtering system. A Ti�/

46.5Al�/3Nb�/2Cr�/0.2Mo (at.%) alloy of potential en-

gineering importance [12] was used as the target

material. The experimental procedures used to produce

the amorphous film are described in more detail in a

previous paper [11].

Crystallization kinetics of the amorphous phase were

studied using a Universal V2.3C TA DTA unit. The

samples were heated from 50 to 1000 8C in an argon
atmosphere. Heating rates of 5, 10, 20, 30 and

50 8C min�1 were used to determine the activation

enthalpy of the processes controlling crystallization and

phase transformations using Kissinger’s method [13].

Microstructural characterization was performed on

films heated in the DTA unit to selected temperatures

at a heating rate of 5 8C min�1, which were then

immediately cooled at a rate exceeding 20 8C min�1.
XRD was conducted with a Rigaku Rotaflex X-ray

diffractometer using Cu Ka radiation. A Phillips

CM200 transmission electron microscope operating at

200 kV was used for microstructural investigations.

TEM thin foils were prepared in a twin jet electro-

polisher using an electrolytic solution consisting of 300

ml methanol, 175 ml 2-butanol and 30 ml perchloric

acid (70%). During electropolishing, the electrolyte was
cooled to �/40 8C and a 20 V potential was applied.

3. Results

3.1. Characterization of as-deposited TiAl sheet

An XRD pattern of as-deposited sheet is shown in

Fig. 1. A spread halo is present in the 2U range of 35�/

458, indicating that the sheet is amorphous. TEM

bright- and dark-field images, Fig. 2(a) and (b), show

even featureless contrast of the as-deposited film and the

corresponding selected area diffraction pattern

(SADP’s), Fig. 2(d) exhibits a halo; these characteristics

are typical of an amorphous state. However, a small

volume fraction (B/1 vol.%) of a crystalline phase was

also detected by TEM, which is illustrated in Fig. 2. The

size of these crystalline inclusions was less than 500 nm

and they consisted of very fine, approximately 20 nm

diameter, grains, Fig. 2(c). This crystalline phase was

identified as a disordered hexagonal close-packed (HCP)

a phase. Fig. 2(e) shows a SADP taken from a crystal-

line inclusion with the incident beam parallel to the

[0 0 0 1]a zone of one of the grains. The diffraction spots

were identified to belong to the a phase with the lattice

parameters a�/0.292 nm and c�/0.47 nm.

DTA of the amorphous as-deposited material shows

three exothermic reactions in the temperature range of

50 to 1000 8C during heating at a rate of 5 8C min�1,

with reaction maxima at 523, 537, and 648 8C, Fig. 3.

Fig. 4 shows the effect of heating rate on kinetics of

crystallization and phase transformations in the PVD

TiAl-based sheet. All reactions shift towards higher

temperatures when the heating rate increases. However,

the magnitudes of the peak shifts are different for the

three reactions. Further, the first and second peaks

become superimposed at heating rates of 20 8C min�1

and higher. According to Kissinger [12], the activation

energy, E , of the process controlling the transformation

is given by the following equation:

E��Rd[ln(v=T2
p )]=d(1=Tp) (1)

where v is the heating rate, Tp is the peak maximum

temperature, and R is the gas constant. Therefore, the

activation energy can be determined from slopes of the

curves ln(v /Tp
2) versus 1/Tp. These curves are plotted in

Fig. 5 for each of the three exothermic reactions, and all

three reactions display a linear dependency. The activa-

tion energies for the first, second and third exothermic

peaks are evaluated to be 3159/10, 3659/50, and 3259/

10 kJ mol�1, respectively.

3.2. Characterization of crystallization transformations

in heat treated sheet

To understand the origin of the exothermic reactions

occurring during continuous heating of the amorphous

sheet, samples were heated in the DTA at a rate of

5 8C min�1 to 520, 530, 600 and 850 8C (the corre-

sponding locations on the DTA curve are shown in Fig.

3). After reaching the desired temperature, the samples

were immediately cooled and analyzed with the use of

XRD and TEM.
Fig. 1. XRD pattern of a TiAl foil produced by PVD in the as-

deposited condition.
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3.3. Phases and microstructures associated with the first

exothermic reaction

Three intense XRD peaks from a crystalline phase

together with a halo from a residual amorphous phase

are detected after heating to 520 8C (i.e. 3 8C below the

maximum for the first exothermic reaction), as shown in

Fig. 6(a). The crystalline phase was identified as the

BCC b phase with the lattice parameter a�/0.3195 nm.

Near-spherical crystalline particles of approximately 90

nm in size were detected in the amorphous matrix by

TEM after this annealing condition, as seen in Fig. 7(a)

and (b). A selective area diffraction pattern (SADP’s)

shown in Fig. 7(c) contains a halo from the amorphous

phase and rings from the crystalline b phase, in

agreement with the corresponding XRD data. Energy

dispersive spectroscopy showed that the crystalline

particles had the following compositions (in at.%): 52�/

57 Ti, 37�/42 Al, 2.0�/2.2 Cr, 2.5�/3.0 Nb, 0.6�/1.0 Mo,

which is close to the average composition of the target

material.

A slight increase in the annealing temperature to

530 8C led to a considerable change in the microstruc-

ture, as shown in Fig. 8. The most noticeable feature was

the complete crystallization of the amorphous phase. In

addition, the near-spherical particles were slightly larger

(�/100 nm in size) and a specific moiré contrast

appeared inside the particles, which can be observed in

Fig. 8(d). The latter was probably due to precipitation of

Fig. 2. (a) Bright-field and (b) dark-field TEM images of the as-deposited amorphous TiAl sheet, (c) bright-field image of a crystalline inclusion, and

(d, e) corresponding SADP’s from (d) the amorphous and (e) crystalline regions. The reciprocal lattice cell of the [0 0 0 1] zone from the disordered

a-Ti phase with the h.c.p. crystal structure is also shown in (e).

Fig. 3. DTA curve of an amorphous TiAl sheet produced by PVD.

Heating rate is 5 8C min�1. Characteristic points of the DTA curve

to which several specimens were heated for the following XRD and

TEM analyses are indicated by open circles and the corresponding

temperatures are given.

Fig. 4. DTA curves of the amorphous TiAl sheet produced by PVD.

The DTA curves were obtained during heating with the heating rates

of 10, 20 and 50 8C min�1.
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an additional crystalline phase, leading to a finer

microstructure, Fig. 8(a) and (b). The SADP shown in

Fig. 8(c) supports the presence of an additional crystal-

line phase, as it contains diffraction rings and spots,
which do not belong to the b phase. This additional

phase was identified as a hexagonal phase with the

lattice parameters a�/0.29 nm and c�/0.47 nm. XRD

analysis showed that, in spite of the considerable

changes in microstructure observed in the TEM, the b
phase is still the major phase at this temperature, see

Fig. 6(b). The diffraction lines from this phase are

however wider indicating the particle fragmentation and
an increase in the intensity of internal stresses, and the

most intense (1 0 1̄ 1) peak from the a phase can also be

identified.

3.4. Phases and microstructures associated with the

second and third exothermic reactions

Heating the specimen to 600 8C, i.e. above the second
exothermic reaction but below the third one (Fig. 3),

resulted in the XRD pattern shown in Fig. 9(a). No b
phase was detected and the wide XRD peaks were

identified as belonging to a disordered HCP a phase,

with the lattice parameters a�/0.289 nm and c�/0.460

nm. The intensities of the XRD peaks from this phase

were much smaller and the peaks were wider as
compared to the XRD peaks from the BCC b phase,

which may indicate that the grains of the a phase were

much finer than the grains of the b phase. TEM analysis

confirmed this observation, see Fig. 10. Although the

microstructural elements were hardly identified in a

bright-field condition, Fig. 10(a), they were clearly seen

in a dark-field condition, Fig. 10(b). The main feature of

this microstructure is polygonal-shaped grains of ap-
proximately 100 nm in size, instead of near-spherical

particles in the samples annealed at lower temperatures.

The grains were fragmented into finer lamellae, which

had irregular orientations producing feathery-like con-

trasts in bright-field images. Phase analysis also con-

firmed that there was no b phase present in this sample;

instead, the a phase was identified as the only phase, see

Fig. 10(c).
After heating to 850 8C, i.e. above the third exother-

mic reaction shown in Fig. 3, two phases were easily

identified on the corresponding XRD pattern, Fig. 9(b).

These are the ordered HCP a2 phase and the tetragonal

g phase. The diffraction peaks from the latter phase

were much more intense than those from the a2 phase,

indicating that the g phase was the major phase in this

annealed specimen. The lattice parameters of the g phase
were determined to be a�/0.4008 nm and c�/0.4055 nm,

and the lattice parameters of the a2 phase were a�/0.578

nm and c�/0.460 nm. A very well-developed equiaxed g
grain structure, with a grain size of approximately 150

nm, was characteristic of this specimen, Fig. 11. Grain

boundaries were clearly visible both in bright and dark-

field images, and no precipitates were seen inside the

grains on TEM photomicrographs. Some grains were
twinned, see Fig. 11(d). SADP’s showed diffraction

spots from individual grains; these spots were arranged

in a number of diffraction rings, Fig. 11(c), and two

phases, the major g and the minor a2 were identified, in

accord to XRD data.

4. Discussion

The results of the present work show that a range of

microstructures can be produced during crystallization

of the amorphous phase in TiAl sheet made by PVD.

The origin of a small amount (B/1 vol.%) of a crystalline

clusters that are evenly distributed in the as-deposited

sheet can be twofold. One possibility is a selective

crystallization of the amorphous phase during sputter-

ing. Another possibility is the non-homogeneous erosion
of the target surface (i.e. formation of extended cones on

the target surface [14�/16]), that may lead to sputtering

relatively large (up to 500 nm) pieces from time to time.

Fig. 5. Dependencies of the logarithm of the heating rate (in

K min�1) normalized to the square of the peak temperature Tp on

the reciprocal peak temperature for the first, second and third

exothermic peaks. The activation energies calculated from the corre-

sponding slopes are given in the plot area.

Fig. 6. XRD patterns of the TiAl sheet after annealing at (a) 520 and

(b) 530 8C.
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The first possibility can easily be rejected because

relatively high (�/500 8C) temperatures are required

to form crystalline particles from the amorphous state.

Furthermore, the crystalline particles formed from the

amorphous phase are generally round-shaped while the

inclusions in the as-deposited sheet have irregular shape

(compare Fig. 2 with Figs. 7 and 8). Therefore, the

second reason is the most likely, especially if the high

deposition rate is taken into account. However, it is

evident that these a phase inclusions were not deposited

as solid pieces of the target material, but rather they

were initially melted and then rapidly solidified on the

substrate. This conclusion is based on the observation of

a very fine-grain structure (grain size is :/20 nm) within

the crystalline inclusions, which is not typical of the

target material that was predominantly g-phase. In the

alloy of the given composition, the a phase is thermo-

dynamically stable only at high temperatures (�/

1100 8C), and it is known that the a0/a2 ordering can

only be suppressed by rapid solidification [7,17]. Crys-

talline particles embedded in the TiAl amorphous phase

were also observed by Banerjee et al. [10] and these

particles were also identified as a disordered hexagonal a
phase of the composition close to the nominal composi-

tion of the alloy. However, the crystalline particles in

[10] had near-spherical morphology, similar to that

shown in Fig. 8, indicating that they were probably

formed by crystallization from the amorphous state.

The amorphous phase produced by PVD is rather

stable, in spite of presence of the crystalline inclusions,

and crystallization starts only after heating to approxi-

mately 500 8C. For example, at a heating rate of

Fig. 7. (a) Bright-field, (b) dark-field TEM images and (c) corresponding indexing SADP of the sheet sample heated to 520 8C.

O.N. Senkov, M.D. Uchic / Materials Science and Engineering A340 (2003) 216�/224220



5 8C min�1, crystallization of the amorphous phase

initiates at 513 8C with the formation of near-spherical

particles of the metastable BCC b phase. The size of the

b-phase particles is approximately 90 nm and they are

homogeneously distributed in the amorphous phase.

These particles have near the same chemistry as the

amorphous phase, which is typical of a nucleation from

a highly undercooled liquid.

The metastable b phase is present only in a very

narrow temperature range, and it transforms into the

HCP a phase at a temperature range of 530�/545 8C.

Irregularly shaped (mostly elongated) very fine particles

of the a phase precipitate inside the b particles and the

remaining amorphous phase, producing a feathery-like

microstructure with not very well defined interface

boundaries. This phase is also metastable, and it trans-

forms into the tetragonal g and ordered hexagonal a2

phases at temperatures above �/640 8C. Because of

different transformation kinetics, the temperature range

between starting formation of the b and a phases

decreases when the heating rate is increased, and these

transformations become superimposed at heating rates

of 20 8C min�1 and higher. As a result, the amorphous

phase crystallizes directly to the a phase, without

Fig. 8. (a) Bright-field, (b) dark-field images and (c) corresponding indexing SADP of the sheet sample heated to 530 8C, the presence of two phases,

BCC and HCP, is evident, (d) dark-field image of an individual fragmented particle.

O.N. Senkov, M.D. Uchic / Materials Science and Engineering A340 (2003) 216�/224 221



intermediate formation of the b phase when the heating

rate exceeds 20 8C min�1. The activation energies were

determined for the first, second and third exothermic

peaks to be 315 kJ mol�1 (for amorphous-to-b), 365

kJ mol�1 (for b-to-a), and 325 kJ mol�1 (for a to a2

and g), respectively. These values can be compared with

the activation energies for self-diffusion in b-Ti (250

kJ mol�1) [18] and a-Ti (193 kJ mol�1) [19], volume

interdiffusion in a2 (312 kJ mol�1) and g (295

kJ mol�1) phases [20], and volume diffusion of Ti in

the g phase (291 kJ mol�1) [21].

The values of self-diffusion in a-Ti and b-Ti are too

low to provide agreement with the measured activation

energies. Further, diffusion in elemental Ti is not likely

to represent a relevant physical process in the current

Fig. 9. XRD patterns of the TiAl sheet after annealing at (a) 600 and

(b) 850 8C.

Fig. 10. (a) Bright-field, (b) dark-field TEM images and (c) corresponding SADP of the sheet sample heated to 600 8C.
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alloy with a high Al concentration. As the first two

transformations established here represent reactions

that are far from equilibrium, they may be difficult to

relate to physical processes that have been characterized

in equilibrium crystalline structures. On the other hand,

the measured activation energy of 325 kJ mol�1 for the

transformation from a to g�/a2 in the present study is

within 10% of the values cited for volume diffusion in a2

(312 kJ mol�1) and g (295 kJ mol�1), and for Ti

diffusion in g (291 kJ mol�1). Each of these mechanisms

are possible rate-limiting reactions for this final trans-

formation. However, the current measurements are

unable to distinguish between these three possible

mechanisms.

Formation of the BCC b phase during crystallization

of the amorphous phase in TiAl has been reported for

the first time. In equilibrium conditions, this phase is

present only at near melting temperatures [17]. In fact,

this is the first crystalline phase formed during crystal-

lization from melt. The lattice parameter of the b phase

formed from the amorphous state (a�/0.3195 nm) is

similar to that of the b phase formed from the melt (a $/

0.33 nm), if the thermal expansion is taken into account.

Therefore, these BCC phases can be considered to be of

the same nature and the b phase formed from the

amorphous phase should be considered as a metastable

phase.
Metastable primitive cubic phase with the lattice

parameter a�/0.69 nm [9] and a tetragonal phase with

the lattice parameters a�/0.688 nm and c�/0.710 nm

[10] were detected using TEM during crystallization of

an amorphous phase in TiAl foils produced by magne-

tron sputtering. The tetragonal phase was observed only

in very thin regions of TEM specimens and only during

in situ experiments at temperatures above 600 8C, and

its origin was related to contamination of these regions

with oxygen or nitrogen [10]. The primitive cubic phase

was discovered in thicker foils annealed at 527 8C for 1

h and it was identified to be similar to b-Mn [9]. It is

interesting that the transformation of the BCC b phase

into the a phase was observed in our work in almost the

same temperature range (525�/535 8C) where the pri-

mitive cubic phase was observed in [9]. However, a

thorough TEM analysis did not show any evidence of

the presence of an additional phase with large lattice

parameters (the metastable primitive cubic or tetragonal

phases) in our material after annealing at temperatures

below the third exothermic reaction. In this temperature

range, the diffraction spots, which were the closest to the

central spot in the SADP’s, were reflected from the

(1 0 1̄ 0) a planes, see Figs. 7 and 8.
The transformation from the amorphous structure to

a and then from a to g and a2 phases were accounted for

in an earlier study of amorphous TiAl based alloys

prepared by mechanical alloying [7,8]; however, higher

temperatures of the transformations were reported than

were shown in our work. The difference in the results

may be due to contamination of the mechanically

alloyed powder with interstitial elements, which may

stabilize the amorphous phase. It should also be noted

that only one heating rate of 20 8C min�1 was used in

[7,8], and we have shown that the b phase cannot be

detected at this high heating rate (Fig. 4).

When the sequence of the phase formations during

continuous heating of the amorphous sheet is compared

with that during continuous cooling from melt, a very

similar progression can be seen. Indeed, during crystal-

lization from melt, the first crystalline phase formed is

the b phase, which transforms into the a phase by a

peritectic reaction [17]. During further cooling, the a
phase transforms partially into the g phase and the

remaining a transforms then into a mixture of the a2 and

g phases by the eutectoid reaction. This similarity

supports a general point of view [22] that an amorphous

phase can be considered as a highly undercooled liquid

and the crystallization kinetics of the amorphous phase

should follow the crystallization kinetics of the respec-

tive melt.

Fig. 11. (a) Bright-field, (b) dark-field TEM images and (c) corre-

sponding SADP of the sheet sample heated to 850 8C. (d) TEM

photomicrograph showing twinned g grains.
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5. Conclusions

(1) An amorphous sheet of a TiAl-based alloy was

produced by PVD methods using a pre-alloyed target,
and the sheet thickness was approximately 150 mm.

(2) The amorphous phase was stable at temperatures

up to �/510 8C, and at higher temperatures, crystal-

lization occurred in two stages. At heating rates below

20 8C min�1, a metastable BCC (b) phase was initially

formed which was stable only within a very narrow (:/

10 8C) temperature range, and then transformed into

an HCP (a) phase. At higher heating rates, the
amorphous phase transformed directly into the a phase.

(3) The beta phase was formed as near-spherical

particles evenly distributed in the amorphous phase.

The size of these particles was approximately 90 nm.

Formation of the alpha phase by decomposition of the

beta and remaining amorphous phases led to a very fine

feathery-like microstructure arranged in colonies of

approximately 100 nm in size and with poorly defined
interface boundaries.

(4) The metastable a phase transformed into a

mixture of thermodynamically stable ordered a2 and

tetragonal (g) phases at temperatures above approxi-

mately 640 8C by an exothermic reaction. This trans-

formation led to formation of well-developed equiaxed

grains with the grain size of approximately 150 nm.

(5) Activation energies of the processes responsible for
the transformations, amorphous0/b, b0/a and a0/(g�/

a2), were determined to be 315, 365, and 325 kJ mol�1,

respectively.
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